Previous studies indicated that OMVs of Neisseria gonorrhoeae reacted specifically with WGA. A technique was therefore developed for the separation of gonococcal pili and OMVs by WGA affinity chromatography. This method was more convenient and more effective than isopycnic centrifugation for obtaining OMVs free of pili. The antigens were further purified but though homogeneous as judged by in vitro analytical methods, they both elicited an antibody response in animals to minor impurities previously undetected.
I N T R O D U C T I O N
The main particulate antigens released from the surface of Neisseria gonorrhoeae are pili and OMVs. Since immunization of guinea-pigs with crude extracts of surface antigens from certain strains of gonococci conferred protection (Parsons et al., 1979) , the immunizing antigens were probably located on the surface of the organisms. Two of the antigens possibly implicated in immunity have been identified as pili (antigen a; Penn et al., 1980) and OMVs (antigen c; Perera et al., 1980) . Attempts to purify pili and OMVs by published methods (Buchanan, 1975; Johnston et al., 1976) were hampered by the physical heterogeneity of these antigens, and a more discriminating separation method was therefore sought.
The outer membrane of N. gonorrhoeae, as in other Gram-negative bacteria, is composed of proteins, LPS and phospholipid, the predominant proteins being the principal outer membrane protein and several heat-modifiable proteins (Johnston & Gotschlich, 1974; Lambden & Heckels, 1979) . We have shown that OMVs reacted specifically with the lectin WGA (Perera et al., 1980) and the reactive constituent was identified as LPS. The agglutination of gonococci by this lectin, and the reactivity of purified LPS with WGA reported independently by other workers (Schaefer et al., 1979; Allen et al., 1980; Frasch, 1980 ) substantiated our findings.
Lectin affinity chromatography has been widely used for the purification of glycoproteins from many sources (Hayman et al., 1973; Van Etten & Saini, 1977; Mintz & Glaser, 1979; Vretblad & Hjorth, 1977) . This paper describes the application of WGA affinity chromatography as a specific means of separating and purifying OMVs from crude extracts of surface antigens of N . gonorrhoeae containing both pili and OMVs. The technique was compared with the widely used method of isopycnic equilibrium density gradient centrifugation (Johnston & Gotschlich, 1974) for the purification of outer membranes. The purity of the OMVs was assessed by several criteria. Pili once separated from OMVs by this method were further purified by ultracentrifugation, gel filtration and isoelectric focusing.
either 1 M-NaI (Avrameas & Ternynck, 1967; Dandliker el af., 1967) , or 0.1 M-G~cN or 2 0 -3 0 m~ chitin oligosaccharides. Chitin oligosaccharides were prepared by partial acid hydrolysis of washed chitin (Sigma) according to Raftery et al. (1969) and Capon & Foster (1 970). The neutralized hydrolysate was reacetylated with acetic anhydride (J. P. Ride, personal communication) and was desalted on a Sephadex G-15 (Pharmacia) column and carbohydrate-containing fractions corresponding to (GlcN), to (GlcN), were pooled. Chitin oligosaccharides were determined as reducing equivalents (with glucose as standard) by the anthrone method (Trevelyan & Harrison, 1952) . Fractions from the affinity column were monitored for protein by (i) measuring the and (ii) the use of a modified Lowrp method (Hartree, 1972) . Protein-containing fractions with OMVs were pooled and ultracentrifuged at 100000 g for 1.5 h at 4 "C (Beckman L2-65 Preparative Ultracentrifuge). The translucent pellet of OMVs was suspended in Tris/HCI buffer 3 at a protein concentration of 5 mgml-' and stored frozen at -20 "C in 100 pl portions. In some experiments, purified OMVs of strain sP+ were reapplied to the affinity column and repurified as above using chitin oligosaccharides as the desorbent.
Purijication of OMVs by density gradient centrifugation. OMVs present in a LiCl extract (20 ml) of strain sP+ were concentrated by ultracentrifugation at 100000 g for 1.5 h and the pellet suspended in 3 ml of Tris/HCl buffer 3. Samples (0.2 ml) of the pellet were layered on to each of five discontinuous gradients of 4.5 ml of 60-20% (w/w) sucrose in Tris/HCl buffer 3. The gradients loaded with the samples were ultracentrifuged at 250000 g for 18 h at 4 "C (Type SW 50.1 rotor) (Johnston & Gotschlich, 1974) . Fractions (0.25 mi) were collected by upward displacement with a 60% (w/w) sucrose solution, diluted with an equal volume of Tris/HCI buffer 3 and monitored for protein by measuring the AZB0. Fractions from a gradient (run simultaneously) with Tris/HCl buffer 3 alone were used to determine the densities which were calculated from the refractive indices. Fractions (from all five gradients) in the peak corresponding to a buoyant density of 1.22 g ~m -~
were pooled, diluted fourfold with Tris/ HC1 buffer 3 and ultracentrifuged at 100000 g for 1.5 h at 4 "C. The pellet of OMVs was suspended in Tris/HCl buffer 3 at a protein concentration of 5 mg ml-' and stored frozen in 50 p1 portions. Further purijication of OMVs by immunoadsorbent chromatography. An anti-pili-immunoadsorbent column was prepared from antiserum raised to purified pili in guinea-pigs (Dunkin-Hartley ; weight approximately 800 g). The immunization programme used was as described previously for rabbits (Perera et al., 1980) except that the guinea-pigs received single subcutaneous injections. The column (settled volume, 10 ml) was prepared by coupling the immunoglobulin G fraction of the antiserum to CNBr-activated Sepharose 4B (Livingston, 1974) . A suspension of OMVs (1 ml) of strain sP+ purified twice by WGA affinity chromatography was passed through the column which was washed with Tris/HCl buffer 1. Fractions containing protein (monitored by Azao) were pooled, ultracentrifuged at 100000 g for 1.5 h and the pellet of OMVs resuspended in TridHC1 buffer 3 as before.
Assessment of purity. Four methods were used: (i) electron microscopy of negatively stained preparations (Perera et al., 1980) ; (ii) 2DIEP (Penn et al., 1978; Perera et al., 1980) with an anti-gonococcal serum capable of resolving about twelve different antigens; (iii) SDS-PAGE (Laemmli, 1970) with 12% (w/v) and 14% (w/v) polyacrylamide separating gels for OMVs and pili, respectively and using ovalbumin, bovine serum albumin, P-lactoglobulin and equine heart cytochrome c as molecular weight standards; (iv) examination of the antibody response in rabbits (Californian; weight approximately 3 kg) or guinea-pigs (Dunkin-Hartley ; weight approximately 800 g) by 2DIEP with a surface wash of strain sP+. The immunization programme for guinea-pigs was as described above.
R E S U L T S
Purijication of pili The effluent obtained by applying a surface wash of strain sP+ to the WGA affinity column failed to react with WGA in crossed affinity electrophoresis and the only particulate antigens visible under the electron microscope were pili. Examination of the effluent by 2DIEP with antiserum to whole gonococci failed to detect immunoprecipitate c.
After chromatography on a Sepharose 6B column in the presence of buffer containing 1 M-NaC1, electron microscopy showed that most of the pili were associated with the first peak (in the void volume), while most of the non-particulate antigens were in the second peak. The A,,, values for fractions between the two peaks failed to reach the baseline value; however, rechromatography of the first peak removed contaminating antigens from pili and the Preliminary isoelectric focusing experiments with a pH range of 3-1 1 indicated that the PI of pili obtained by gel filtration was between 5 and 6. In the narrow pH range (4-6), pili formed a broad peak at a PI value of 5.3. The yield of purified pili was approximately 1-2 mg from 20 ml of surface wash (from approximately 2 x 10l2 gonococci). In an assessment of values for fractions between the peaks reached the baseline value.
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purity, electron microscopy revealed pili with no contaminating OMVs (Fig. 1 a) , and examination by 2DIEP with antiserum to whole gonococci produced the characteristic immunoprecipitate a (Fig. 1 b) . The SDS-PAGE pattern showed single diffuse bands corresponding to a pilin subunit with an apparent molecular weight of 22500 and the preparations were free of outer membrane proteins (Fig. 1 c) . Guinea-pigs immunized with purified pili produced antisera which when examined by 2DIEP with a surface wash of strain sP+ (Fig. I d ) showed immunoprecipitate a as well as a faint second immunoprecipitate (arrowed).
PuriJication of OMVs by WGA afinity chromatography; a comparison with sucrose density gradient centrifugation While effluents obtained by applying a surface wash to the affinity column did not contain OMVs, application of LiCl extract produced an effluent which contained some OMVs when examined under the electron microscope. Although OMVs remaining bound to the column were successfully eluted with chaotropic 1 M-NaI, repeated use of NaI decreased the binding capacity, and hence an alternative eluant was sought. While GlcN failed to dissociate the antigen, GlcN-(chitin) oligosaccharides were as effective as NaI, and their repeated use did not decrease the binding capacity of the column. Both NaI and chitin oligosaccharides produced comparable yields of outer membrane proteins, i.e. 8-10 mg from 20 ml of surface wash and from 20 ml of LiCl extract (from approximately 2 x 1OI2 gonococci).
Electron microscopy of purified OMVs showed no contamination by any other particulate antigen (Fig. 2a) and the material produced only one immunoprecipitate arc (Fig. 2 b) in 2DIEP with antiserum to whole gonococci. The stained material beneath the immunoprecipitate (Fig. 2b, arrow) was detectable in gels with pre-immune serum and without serum in the second dimension. Purified vesicles eluted with NaI and examined (at 80 pg of protein) by SDS-PAGE revealed the principal outer membrane protein, protein I (36.3 kDal), and at least two heat-modifiable proteins, I1 (28 kDal) and I1 (26 kDal) (Fig. 3 , lane 1) which were heat modified to 11* (34.5 kDal) and 11* (3 1 kDal), respectively (Fig. 3, lane 2) , on heating to 100 "C. Minor outer membrane proteins were also detectable. Since 30-40 % of the colonies Fig. 3 . SDS-PAGE patterns of crude antigen extracts and purified OMVs of strain sPt (37, solubilized at 37 OC for 2 h; 100, solubilized at 100 "C for 5 min). Lanes 1-6, respectively, are (1, 2) OMVs purified by WGA affinity chromatography, (3) lithium chloride extract, (4) surface wash and ( 5 , 6) OMVs prepared by sucrose density gradient centrifugation (the arrow indicates a pilin band).
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recovered from liquid cultures of strain sP+ were of the non-piliated type, OMVs of the variant P-were also purified by WGA affinity chromatography using NaI as eluant, and SDS-PAGE revealed a similar pattern to that shown in Fig. 3 , lanes 1 and 2. OMVs of strain sP+ eluted with chitin oligosaccharides produced a 2DIEP pattern and a protein profile similar to those shown in Fig. 2(b) and Fig. 3, lanes 1 and 2, respectively. The SDS-PAGE pattern of a LiCl extract and a surface wash of strain sP+ (Fig. 3, lanes 3 and 4, respectively) are shown to indicate the purification achieved by WGA affinity chromatography. The final assessment of purity was by immunization of rabbits, and examination of the antiserum by 2DIEP with a surface wash of strain sP+ showed immunoprecipitate c (due to OMVs) (Perera et al., 1980), a weak immunoprecipitate a due to contaminating anti-pili antibody (Penn et al., 1980) and a third immunoprecipitate (figure not shown).
To evaluate the WGA affinity chromatography method, OMVs from a LiCl extract of strain sP+ were also purified by isopycnic sucrose density gradient centrifugation, which produced two visible bands corresponding to buoyant densities of 1 -18 and 1.22 g ~m -~.
Fractions with a buoyant density of 1.22 g yielded 3-4 mg of outer membrane proteins from 6-8 ml of LiCl extract. The vesicles when analysed by 2DIEP with antiserum to whole gonococci (Fig. 4) showed immunoprecipitates c and a (arrow), and two further faint immunoprecipitates (arrow heads). The shape of the main immunoprecipitate, c, was somewhat different from that obtained with vesicles purified by WGA affinity chromatography (Fig. 2 b) . The SDS-PAGE pattern of vesicles purified by density gradient centrifugation (Fig. 3, lanes 5 and 6) was similar to that of those purified by WGA affinity chromatography (Fig. 3, lanes 1 and 2) . A protein band corresponding to pilin was not detectable in either preparation of vesicles.
Purification of gonococcal surface antigens 1619 Attempts to furtherpurify OMVs Repurification of vesicles by affinity chromatography led to no significant change in the yield of outer membrane proteins. Both electron microscopy and 2DIEP with antiserum to whole gonococci again indicated a high degree of purity (as in Figs 2 a and 2b) . Repurification had no effect on the SDS-PAGE protein profile. Immunization of guinea-pigs with the repurified OMVs produced antisera with a similar specificity to those produced by rabbits against vesicles purified once by affinity chromatography.
OMVs repurified by WGA affinity chromatography were finally passed through an anti-pili-Sepharose 4B immunoadsorbent column; this did not significantly affect the yield of outer membrane proteins. The OMVs were pure as judged by electron microscopy and 2DIEP' and SDS-PAGE produced the characteristic profile of outer membrane proteins. Antisera from guinea-pigs immunized with these OMVs produced immunoprecipitate c and a second weak immunoprecipitate (arrowed) (Fig. 5 ) in 2DIEP with a surface wash of strain sP+. The stained material between the two immunoprecipitates was not detectable with other antisera and was therefore not regarded as an immunoprecipitate. These antisera failed to react with purified pili.
D I S C U S S I O N
Pili separated from OMVs by the lectin method and purified by ultracentrifugation, gel filtration and isoelectric focusing, appeared homogeneous by electron microscopy, 2DIEP and SDS-PAGE. However, the antibody response to purified pili showed the presence of a weak second immunoprecipitate in addition to the main immunoprecipitate, a. Observations to be published elsewhere indicated that this second immunoprecipitate was probably due to 'rough' pili (from autoagglutinating 'rough' gonococci; Penn et al., 1980), resulting from either cross-reacting antibody (elicited by antigen a) or contamination of purified antigen a by traces of 'rough' pili.
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In the purification of the OMVs, chitin oligosaccharides proved effective, whereas GlcN was unsuitable as it failed to elute OMVs from the affinity column. It is likely that chitin oligosaccharides had a higher affinity than GlcN for WGA (Allen et al., 1973; Nagata & Burger, 1974) .
The OMVs eluted from the column appeared to be pure as judged by electron microscopy and produced only one immunoprecipitate in 2DIEP gels with an anti-gonococcal serum capable of resolving about twelve different antigens. The purity of OMVs was difficult to assess by SDS-PAGE due to their biochemical complexity, but by comparison with the electrophoretic patterns of crude extracts it was clear that many contaminating proteins had been removed. Since liquid cultures of strain sP+ consisted of 60-70% piliated and 30-40% of non-piliated variants at the end of the growth period, it was necessary to purify OMVs of the variant P-strain and then examine the protein profile by SDS-PAGE. No significant' differences in the other membrane protein profile of sP+ and P-were observed. The detection of heat-modifiable outer membrane proteins was interesting since mainly opaque colonies were produced by both sP+ and P-(V. Y. Perera, unpublished observation). The association of similar proteins with gonococci producing opaque colonies has been reported by other workers (Swanson, 1978; Lambden & Heckels, 1979) .
The WGA affinity chromatography method was compared with the sucrose density gradient centrifugation method for purifying OMVs. When examined by 2DIEP, the latter yielded OMVs which showed four immunoprecipitates, two of which corresponded to antigens c and a formed by OMVs and pili, respectively. The slight distortion of the shape of immunoprecipitate c may have been caused by the high concentration of sucrose. Thus in contrast with OMVs purified by affinity chromatography which exhibited a single immunoprecipitate, sucrose density gradient centrifugation did not produce serologically pure outer membranes.
The SDS-PAGE pattern of OMVs purified by density gradient centrifugation was somewhat variable but was essentially similar to that of OMVs purified by affinity chromatography: neither preparation appeared to be grossly contaminated with foreign proteins. Absence of the pilin band in gels containing samples of Oh'iVs purified by density gradient centrifugation indicated that SDS-PAGE was not as sensitive as 2DIEP in detecting low levels of pilin, probably because of the poor staining properties of this protein with Coomassie blue. (The minimum quantity of pili detectable by staining was about 15 pg, compared with 1 pg of ovalbumin -unpublished observation.)
The method of WGA affinity chromatography was better than sucrose density gradient centrifugation for obtaining serologically pure OMVs free of contaminating pili and other antigens. A second advantage was that the WGA affinity chromatography method was easier to perform and could easily be scaled up for large scale production of OMVs.
Though the OMVs purified by WGA affinity chromatography were serologically pure as analysed by 2DIEP, immunization of rabbits with this material produced antisera which contained anti-pili antibody. Low levels of contaminating pili (possibly entrapped in vesicles or groups of vesicles) must therefore have been present in such preparations of OMVs. The degree of contamination with pili was clearly below the limit of sensitivity of the 2DIEP technique. (The minimum of pili required to produce a visible immunoprecipitate a was approximately 0.5 pg and a quantity of OMVs containing 100 pg of protein was examined in this test.) This also indicated the high immunogenicity of gonococcal pili. Analysis of the antibody response to the purified material was therefore the most sensitive method of detection of low levels of contaminating pili in OMVs purified by affinity chromatography.
An attempt to remove traces of contaminating pili from OMVs by repeating WGA affinity chromatography was unsuccessful since the repurified OMVs still elicited antibody to pili in guinea-pigs. OMVs (purified twice by affinity chromatography) were finally passed through an anti-pili-immunoadsorbent column for removing traces of pilus protein. Guinea-pigs immunized with this material produced antibodies to OMVs and to a second antigen when tested by 2DIEP against a surface wash of strain sP+. This second immunoprecipitate appeared not to be due to contaminating anti-a (pilus) antibody for essentially two reasons: (i) the shape of the immunoprecipitate was different from that of antigen a (Penn et al., 1980) and (ii) the antisera failed to react with purified pili of strain sPt. The possibility remains, however, that the contaminating antibody may have been directed against pili of autoagglutinating 'rough' variants (Parsons et al., 1979; Penn et al., 1980) due to the presence of a small amount of these pili in OMV preparations.
